Introduction
Moulds of the Pseudallescheria/Scedosporium complex (PSC) are involved in a wide spectrum of diseases called pseudallescheriosis or scedosporiosis [1] . In immunocompetent hosts they cause white-grain mycetoma and lung infections in near-drowning syndromes [2, 3] . In addition they can colonize the airways of patients with underlying lung disease, notably in 0.7 -9% of cystic fi brosis patients frequently involved in invasive infections than P. boydii or S. aurantiacum and was the only species recovered in culture from blood, whereas S. apiospermum and S. aurantiacum were more common in respiratory specimens [2] . S. prolifi cans also has the particularity of being naturally resistant to all available systemic antifungal agents [9] . Therefore, it is important that these species be rapidly and accurately identifi ed to improve patient management. However, such identifi cation remains a challenge in the clinical laboratory setting as it requires morphologic studies of isolates recovered in culture which could lead to erroneous results [10] . Molecular identifi cation by multilocus sequence analysis also allows accurate species identifi cation [6] , but the several-day turnaround time required is detrimental to patient care.
Recently, Matrix-Assisted Laser Desorption IonizationTime-Of-Flight (MALDI-TOF) Mass Spectrometry (MS) has emerged for microorganism identifi cation. MS provides protein spectra from crude extracts or intact cells and as each species has a characteristic spectrum, it can be identifi ed within minutes by comparison of its spectrum to that in a reference spectra library. Simplicity and rapid turnaround time are the main advantages of MALDI-TOF MS over current microorganism identifi cation methods. MS has already been successfully used for bacteria [11, 12] and more recently for yeast identifi cation [13 -18] . Its practicability in daily clinical laboratory routine has been demonstrated [19] . Yet, data remain scarce on the use of this novel technology for mould identifi cation and in particular it has never been used to identify members of the PSC. Previous attempts at the characterization and identifi cation of some moulds, including Penicillium , Aspergillus , Fusarium , Trichoderma and dermatophytes, were encouraging [13, 20 -22] but there remain major issues relative to the lack of standardized protocol and validated commercial reference spectra library. This study addresses the feasibility of identifying members of the PSC by MALDI-TOF MS after the development of standardized operating procedures (the choice of culture media, incubation time and protein extraction method) and validated reference spectra of these moulds. As the fi rst step, the infl uence of growth and sample treatment conditions on spectra stability was tested. In a second step, a reference spectra library was built and used for tentative identifi cation of three PSC clinical isolates.
Materials and methods

Pseudallescheria/Scedosporium strains
The 22 PSC strains ( (Table 1) were used to build a reference spectra library.
Experimental fl ow chart
As the fi rst step in our investigation we studied the effect of conditions that usually vary in the routine clinical laboratory setting to ultimately determine optimal technical conditions for MALDI-TOF MS moulds identifi cation (Fig. 1) . In the second step, clinical isolates were tentatively identifi ed using the MALDI-TOF MS assay.
Any microorganism species identifi cation assay based on spectra comparisons with those in a MSP reference library aims to achieve both the highest intra-specifi c and the lowest inter-specifi c correlations. The BioTyper 1.1 (Bruker Daltonics, Bremen Germany) software calculates Composite Correlation Indices (CCI) between the spectra or trifl uoroacetic acid (TFA). Each spectrum was compared with reference spectra obtained with an identical protein extraction protocol.
To investigate the stability of the spectra, the fungi on each plate was subcultured every three days for 1 month, at the end of which two samples were taken from each plate, extracted with FA and subjected to MALDI-TOF MS analysis. Each spectrum was compared with reference spectra obtained at day 3 of incubation.
Statistical analysis
The infl uence of each tested variable on performance of MALDI-TOF MS identifi cation was evaluated by comparing the intra-and inter-strain spectra correlation. The CCIs ' distributions were non-Gaussian, hence data were presented as median and inter-quartile range, and nonparametric statistical tests were used. Univariate analysis was based on the Kruskal-Wallis H test. Multivariate analysis was performed by Friedman ' s Q test to adjust on the effects of strains and intra-or inter-strain comparisons. All statistical tests were two-sided with a P Ͻ 0.05 significance threshold. Analysis was performed using SAS Stat 9.1.3 (SAS Institute Inc., Cary, NC).
MALDI-TOF MS identifi cation of clinical strains
For the second step tentative identifi cation of the clinical strains using the MALDI-TOF MS assay, we incorporated the spectra of all 21 reference strains in the reference spectra library (Table 1) . Duplicate analyses of 10 spectra from fi ve distinct experiments for each strain were used to build the reference main spectra (MSP) library as previously described [22] . The following three fungi which were morphologically identifi ed as PSC members in the Mycology Laboratory of the University Hospital of Marseille (France) were analyzed; 877899-374F08 recovered from respiratory samples in a 19-year-old man with cystic fi brosis, 984729-604F09 isolated from a 73-year-old woman with bronchiectasis, and 979215-369F09 found in specimens from a 65-year-old man with septic arthritis of the elbow. These isolates and the reference strains were subjected to both rRNA gene ITS region sequence analysis [23] and to MALDI-TOF MS analysis. A neighborjoining distance tree based on the ITS sequences was computed using the MEGA4 software [24] . MALDI-TOF MS analysis was performed as previously described on samples taken after 72 h incubation at 27 ° C on Sabouraud dextrose agar with antibiotics, and extracted with FA. The clinical isolates MALDI-TOF MS spectra were compared to the reference MSP in the library. Identifi cation quality was measured by a matching score based on identifi ed masses and their intensity correlation that was generated and used for ranking of the results by the BioTyper software (Bruker). obtained from the tested samples and reference spectra obtained under identical conditions. Intra-strain correlation was between one strain spectrum and its own reference spectrum, while the inter-strain correlation was between one strain spectrum and the reference spectra of the other strains. We considered the optimal condition to be one that both maximized intra-strain correlations and minimized inter-strain correlations.
MALDI-TOF MS analysis
MS analysis was performed using a MALDI-TOF Autofl ex I (Bruker Daltonics, Bremen Germany) mass spectrometer with an α -cyano-hydroxy-cinnaminic acid matrix.
The effects of culture media, incubation time, and protein extraction on MALDI-TOF MS ' s identifi cation quality were evaluated with the two type strains (IHEM 4429 P. boydii and IHEM 21148 P. minutispora ). Unless otherwise stated, malt agar cultures were incubated at 27 ° C for 72 h, with each experiment performed in quadruplicate.
To test the culture media effect, strains were grown on two classical mycological culture media, i.e., malt extract agar (AES, France) and Sabouraud glucose agar with chloramphenicol and gentamicin (AES, France). Proteins were extracted with formic acid (FA) and subjected to MALDI-TOF analysis [14] .
To evaluate the duration of incubation, two samples were taken daily from day 3 to day 6 from each plate, extracted with FA, and subjected to MALDI-TOF analysis. The spectra were compared with reference spectra obtained after three days of incubation.
To study the protein extraction protocol, four samples were taken from each plate and extracted with either FA
Results
The strains displayed distinct MALDI-TOF mass spectra when cultured on malt extract agar or on Sabouraud Dextrose agar with antibiotics. However, MALDI-TOF MS identifi cation performance was not signifi cantly altered by culture medium. Irrespective of the culture medium, median and inter-quartile ranges of intra-strain correlations were higher than those of inter-strain correlation. The culture medium effect was not signifi cant in univariate ( P ϭ 0.4290) or in multivariate analyses ( P ϭ 0.4001).
MALDI-TOF spectra analysis of culture samples collected daily from day 3 to day 6 indicated that the intra-strain correlations increased but the inter-strain correlations decreased with incubation time (Fig. 2) , suggesting that identifi cation quality increased with the duration of incubation. Incubation time effect was not signifi cant ( P ϭ 0.2112) in univariate analysis, but was in multivariate analysis ( P ϭ 0.0040).
Samples from the same culture displayed distinct MAL-DI-TOF spectra when proteins were extracted using either TFA or FA. Irrespective of the protein extraction method, median and inter-quartile ranges of intra-strain correlations were higher than those of inter-strain correlations. The protein extraction effect was not signifi cant in univariate ( P ϭ 0.3791) or multivariate analyses ( P ϭ 0.3945).
Stability of MALDI-TOF identifi cation was assessed by comparing the spectra obtained before and after ten subcultures over a 1-month period. The time effect was not signifi cant in univariate ( P ϭ 0.737) or in multivariate analyses ( P ϭ 0.052), indicating relative stability of the spectra after ten subcultures. However, we did observe a trend toward improved identifi cation after sub-culturing, with both increasing intra-strain and decreasing inter-strain correlations (data not shown).
The ITS sequence distance tree (Fig. 3) illustrates that isolates 979215-368F09 and 877899-374F08 clustered within distinct clades of Pseudallescheria apiospermum complex reference strains, and isolate 984729-604F09 clustered with the Scedosporium aurantiacum type strain (IHEM 21147). The MALDI-TOF MS identifi cation assay results were concordant with ITS sequence analysis. For isolate 979215-369F09, the highest score was 2.295, matching with the reference IHEM 22912 ( P. boydii sl ; for isolate 877899-374F08 the highest score was 2.268, matching with the IHEM 22913 ( P. boydii sl .); and for isolate 984729-604F the highest score was 1.944, matching with IHEM 21147 ( Scedosporium aurantiacum ).
Discussion
This is the fi rst proof-of-concept validation of a method based on MALDI-TOF MS analysis for the accurate and rapid identifi cation of PSC moulds in the clinical laboratory setting. In agreement with others [22, 25] we observed that MALDI-TOF mass spectra differed depending on culture, incubation time, and protein extraction conditions. However, neither culture medium extraction method nor incubation time signifi cantly infl uenced identifi cation quality, provided that the reference library contains MSP spectra of reference strains processed in identical conditions. In particular, we demonstrated that the performance of MALDI-TOF MS identifi cation was independent from the protein extraction (FA or TFA) method. We thus chose FA, which is less toxic and faster than TFA. Otherwise, our data show that even if the identifi cation quality increases signifi cantly with the culture incubation time, 3-day incubation was enough to obtain MALDI-TOF mass spectra useable for identifi cation purpose. In this study 72 h was the minimal incubation time tested because we needed a suffi cient amount of mycelia and conidia to replicate the experiments. Incubation times of less than 72 h could be of interest in clinical practice but were not tested here and whether younger cultures might be used in MS identifi cation assays remains an open question. Our fi ndings also showed that spectra remain stable after 10 subcultures. This is in accordance with Marinach et al ., who found that spectra of Fusarium dimerum and Fusarium verticilloides strains remained similar after 13 subcultures [22] . Consequently, in a given laboratory routine, it would be possible to subculture the samples that are diffi cult to identify using the classical morphological approach and to send them to a reference laboratory for MALDI-TOF MS identifi cation.
The tentative identifi cation of clinical isolates by MAL-DI-TOF was concordant with ITS sequence analysis results. The three clinical isolates studied were adequately iden tifi ed using a spectra library of 21 reference strains. The maximum Table 1 ) and the three clinical isolates described in the results section. Bootstrap values Ͼ 65% of 500 resampled data sets and the best-match BioTyper score for the identifi cation of the clinical isolates are shown. matching score, between 1.9 and 2 for the 984729-604F isolate, is usually considered suboptimal for species identifi cation with respect to standards validated for bacteria identifi cation [19] . The matching score threshold for mould identifi cation remains to be defi ned; and one can expect that MALDI-TOF MS identifi cation of Scedosporium aurantiacum specimens will be improved when greater numbers of reference spectra of this species are included in the library. It should be noted that spectra from clinical moulds are poorly represented in commercially available libraries, which is one of the major drawbacks to MALDI-TOF MS identifi cation of moulds in the clinical laboratory setting.
In conclusion, species identifi cation within the PSC appears feasible with MALDI-TOF MS. Identifi cation quality was similar for the different conditions tested. We thus used those that were most workable in our routine procedures, i.e., culture on Sabouraud dextrose agar with antibiotics and FA protein extraction. MS identifi cation quality increased signifi cantly with incubation time, which confl icts with the aim of reducing identifi cation turnaround times to improve patient management. Fortunately, samples from 72 h cultures were adequate for identifi cation purposes. If necessary, subsequent testing after a few additional days of incubation might resolve substandard MS identifi cations. The adequate identifi cation of a limited number of clinical isolates is encouraging and should be extended to a larger sample. Indeed further studies are warranted to demonstrate whether MS-based identifi cation can distinguish the species that have recently been described using multilocus sequence analysis within P. boydii sl . and to validate its use in the routine clinical laboratory.
